Vascular endothelial growth factor
Introduction
Angiogenesis, the process by which the existing vascular network expands to form new blood vessels, is required for the growth of solid tumors (1) . For this reason, tumor angiogenesis has become a critical target for cancer therapy. Vascular endothelial growth factor (VEGF), a primary stimulant of angiogenesis, binds and activates VEGF receptor 1 (VEGFR1) and VEGFR2 (2) . Although the function of VEGFR2 in tumor angiogenesis has been characterized thoroughly, the function of VEGFR1 has not been well defined. However, there is evidence to support a function for VEGFR1 in tumor cell survival and invasion (3, 4) . In addition, VEGFR1 has been shown to negatively regulate VEGFR2 activity (5, 6) . Furthermore, expression of neuropilin-1 (Nrp-1) and Nrp-2, coreceptors for VEGF, is associated with poor prognosis in breast cancer (7) , which might be due to coreceptor-mediated enhanced signaling through VEGFR2 (8) .
Bevacizumab (Avastin, Genentech), a humanized monoclonal antibody that binds human VEGF and prevents activation of VEGFR1 and VEGFR2, was first successful in the clinic for the treatment of metastatic colon cancer in combination with chemotherapy in 2004 (9) . Recently, bevacizumab has also been approved for the treatment of metastatic HER2/ NEU-negative breast cancer (10) . The clinical success of bevacizumab has bolstered the development and testing of agents that directly target VEGF, selectively inhibit VEGFR1 or VEGFR2, or promiscuously block both VEGF receptors as well as other receptor tyrosine kinases (11, 12) .
2C3 is an anti-VEGF mouse monoclonal antibody that prevents human VEGF from binding to VEGFR2 but not VEGFR1 (13) . r84 is a fully human IgG that has the same characteristics as 2C3 but also binds mouse and human VEGF. 41 Inhibition of VEGFR2 activity with 2C3 is an effective antiangiogenic therapy in preclinical orthotopic breast and pancreatic cancer models, wherein it significantly reduces tumor burden, tumor microvessel density, macrophage infiltration, and the number of metastatic events compared with an isotype-matched control antibody (14) (15) (16) (17) . These studies illustrate that selective inhibition of VEGFR2 is sufficient for effective control of tumor growth in preclinical models. The antitumor effect of 2C3 is due in part to reduction of VEGF-induced angiogenesis. Immune cells also express receptors for VEGF; however, the effect of anti-VEGF therapy on the infiltration of immune cells into tumors has not been fully characterized.
Infiltrating inflammatory cells constitute a large component of the overall tumor mass (18, 19) . Initially, this was thought to represent an attempt by the host to combat the tumor; however, it has been increasingly recognized that most tumors are not recognized as foreign and that the inflammatory/immune infiltrate promotes tumor growth and metastasis (18, 19) . Most clinical studies indicate that increased macrophage infiltration into tumors confers a negative prognosis in breast cancer (20, 21) . In animal studies, depletion of macrophages has led to decreased tumor growth in breast (22) and Ewing's sarcoma models (23) . Recent studies indicate that selective reduction of macrophage infiltration in cervical cancer results in compensatory neutrophil infiltration into the tumor and subsequent angiogenic recovery (24) . Previously, we and others have shown that anti-VEGF therapy lead to a reduction in macrophage infiltration in tumor xenograft models (14, 16, 25) .
Aside from macrophages, it has also been reported that neutrophils can mediate the angiogenic switch in a transgenic model of pancreatic cancer (26) . Furthermore, myeloidderived suppressor cells (CD11b + Gr1 + ) are also an important contributor to tumor progression. In the tumor microenvironment, these cells secrete immunosuppressive mediators and induce T-lymphocyte dysfunction (27, 28) . In addition, myeloid-derived suppressor cells can mediate tumor resistance to anti-VEGF therapy (29) . Unlike other myeloid cell types, increased tumor-infiltrating dendritic cells is associated with improved prognosis, and, specifically, the number of CD83 + tumor-infiltrating dendritic cells has been shown to inversely correlate with lymph node metastasis and tissue expression of VEGF and transforming growth factor β in human breast cancer specimens (30) . In support of this, studies in non-tumor-bearing animals have shown that stimulation of VEGFR2 leads to increased myeloid-derived suppressor cells and decreased CD86 + dendritic cells in the spleen and lymph nodes of mice after chronic VEGF treatment (31) .
Based on these data, we hypothesized that r84, a fully human IgG that is functionally identical to 2C3, would reduce breast tumor growth and immune cell infiltration. In the present study, we investigate the antitumor effects of three anti-VEGF monoclonal antibodies, 2C3, r84, and bevacizumab, in an orthotopic model of breast cancer. We show that all three antibodies inhibit tumor growth, microvessel density, and macrophage infiltration. Furthermore, neutrophil infiltration was increased following treatment with each antibody. Interestingly, the number of CD11b + Gr1 + cells was reduced in tumors from mice treated with r84 but remained unchanged in tumors from 2C3-and bevacizumab-treated animals. Finally, there was an increase in the number of CD83 + dendritic cells in tumors from r84-treated animals.
These findings show that r84 effectively controls the growth of human breast cancer xenografts and support the evaluation of r84 as an antiangiogenic agent in clinical studies.
Materials and Methods

Cell Lines and Culture Conditions
The human breast carcinoma cell line MDA-MB-231 was obtained from the American Type Culture Collection. Cells were maintained at 37°C in a mixture of 5% CO 2 and 95% air in DMEM (Invitrogen) supplemented with 10% FCS (Gemini Bio-Products).
Anti-VEGF Antibodies Bevacizumab (Avastin, Genentech) was purchased from the clinical pharmacy at University of Texas Southwestern. 2C3, a mouse IgG2a, was produced in our laboratory, as described (13) . The production and full characterization of r84, a human IgG1 specific for VEGF-A, will be described in detail in a forthcoming manuscript. 4 Reactivity of the antibodies to VEGF was analyzed by ELISA. VEGF (Sigma-Aldrich) at a concentration of 12.5 nmol/L (500 ng/mL) was coated directly on wells of a microtiter plate in the presence or absence of 0.81 pmol/L to 13 nmol/L (122-2,000 ng/mL) of control or test antibodies. The reactions were developed by the addition of peroxidaselabeled goat anti-mouse antibody (2C3) or anti-human antibody (r84, bevacizumab, XTL; Jackson Immunoresearch)and visualized by the addition of 3,3′5,5′-tetramethylbenzidine substrate (Kirkegaard and Perry Laboratories, Inc.). Reactions were stopped after 15 min with 10% HCl and read spectrophotometrically at 450 nm.
Tumor Model and Treatment Six-to eight-week-old non-obese diabetic (NOD)/SCID mice were purchased from an on-campus supplier. Animals were housed in a pathogen-free facility, and all animal studies were done on a protocol approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center. MDA-MB-231 cells (5 × 10 6 ) were injected into the mammary fat pad using previously described techniques (14, 15) . Briefly, a small incision was made over the right axillary fat pad and the cells were injected in a volume of 50 μL using a 30-gauge needle. The incision was closed with a simple suture. Caliper measurements were done twice weekly, and tumor volume was calculated as D × d 2 × 0.52, wherein D is the long diameter and d is the perpendicular short diameter. Therapy was initiated on day 26 post tumor cell injection, when tumor volume reached ∼150 mm 3 . Animals were randomized to receive s.c. injection of saline control, 2C3, r84, or bevacizumab (250 μg of the designated IgG) twice weekly (Tuesday and Friday).
Immunohistochemistry Tissue was snap frozen in liquid nitrogen, embedded in ornithine carbamyl transferase medium, and sectioned. Sections were fixed in acetone, briefly air dried, and blocked with 20% Aquablock (East Coast Biologics) for 30 to 60 min. Primary antibodies were used at a final concentration of 5 to 10 μg/mL; rat anti-mouse endothelial cell (MECA-32; Developmental Studies Hybridoma Bank, University of Iowa), rat anti-CD31 (MEC13.3, BD Biosciences), rabbit anti-α-smooth muscle actin (RP-9010, NeoMarkers), rabbit anti-NG2 (AB5320, Millipore), mouse anti-VEGF (Gv39M; purified in our laboratory; ref. 32) , goat anti-F4/80 (sc-26642, Santa Cruz Biotechnology), rat anti-Mac3 (Pharmingen), rat anti-CD16 (ebioscience), rat antineutrophil, 7/4 (MCA 7716, AbD Serotec), rat anti-CD83 (Michel-19, BioLegend), and rat anti-CD11b (M1/70, American Type Culture Collection); and purified in our laboratory. Primarily conjugated antibodies include phycoerythrin (PE)-labeled Gr1 (RB6-8C5), FITC-labeled CD11b (M1/70), and Alexa Fluor 488-labeled CD11c (N418) from Biolegend. Primary antibody was incubated on sections for 1 h at room temperature or overnight at 4°C. Negative controls were done by omitting the primary antibody. Following washes, the appropriate fluorophore-conjugated secondary antibody was added (Jackson Immunoresearch). Fluorescent slides were covered with coverslips using Prolong with 4′,6-diamidino-2-phenylindole (Invitrogen). Sections were examined on a Nikon E600 microscope, and images were captured with Photometrics Coolsnap HQ camera using Elements Software.
PCR RNA was prepared using TRIzol (Invitrogen) according to the manufacturer's instructions. The quality of RNA was evaluated using spectrophotometry. The cDNA used for subsequent for PCR was made using iScript (Bio-Rad Laboratories) and Choice DNA Taq polymerase (Denville Scientific) was used for subsequent PCRs. The expression of VEGFR2 (Hs00176676_m1), VEGFR1 (Hs00176573_m1), Nrp-1 (Hs1546494_m1), and Nrp-2 (Hs00187290_m1) was analyzed by quantitative real-time reverse transcription-PCR (qRT-PCR) using an assay on demand (Mm00440111_m1) from Applied Biosystems. GAPDH (Applied Biosystems assayon-demand) was used as an internal reference gene to normalize input cDNA. qRT-PCR was done in a reaction volume of 20 μL, including 1 μL of cDNA, and each reaction was done in triplicate. We used the comparative cycle threshold method to compute relative expression values (33) . RNA isolated from human dermal microvascular endothelial cells was used a positive control for human VEGFR expression. RNA isolated from murine endothelial (bEnd.3) cells was used a negative control to show species specificity.
Isolation of Peritoneal Macrophages
Peritoneal macrophages were collected 6 wk after tumor cell injection by washing the peritoneal cavity with ice-cold RPMI medium with penicillin/streptomycin (pen/strep) (10 mL × 2 washes) and collecting the lavage fluid. The lavage fluid from tumor-bearing (n = 3) and non-tumorbearing (n = 3) animals was pooled and centrifuged at 1,000 rpm for 5 min. The cells were plated overnight and washed with PBS the following morning. This procedure yielded cells that were >95% positive for the macrophage marker F4/80. These cells were used for immunocytochemistry and transwell migration assays.
Migration Assays Migration assays were done using 24-well plates with either 3 μm (peritoneal macrophages) or 8 μm (MDA-MB-231) transwell inserts (Becton Dickinson Labware). Peritoneal macrophages (40,000) or MDA-MB-231 cells (20,000) in serum-free media were loaded onto the top of gelatin-coated or Matrigel-coated (BD Biosciences) filters. Forty nanograms of VEGF (R&D) in the presence or absence of the indicated IgG at 40 μg/mL were added to the lower chamber, and the cells were allowed to migrate overnight. The inserts were fixed and stained using Diff-Quick (VWR International). The number of cells per field (total magnification, ×400 macrophages or ×100 MDA-MB-231 cells) was counted manually. Each experiment was done in triplicate, and four to five fields per insert were counted.
Immunocytochemistry Peritoneal macrophages were plated on chamber slides and maintained overnight at 37°C in a mixture of 5% CO 2 and 95% air in DMEM supplemented with 10% FCS. Cells were fixed in acetone and blocked with 20% Aquablock for 30 to 60 min. Primary antibodies were used at 5 μg/mL and included T014 (rabbit anti-VEGFR2 purified in our laboratory; ref. 34 ) and 9G10 (rat anti-VEGFR2 purified in our laboratory; ref. 35) . The slides were developed with fluorophore conjugated secondary antibody, as described above.
Flow Cytometry Tumor lysates were prepared by mincing the tumor in RPMI media (Sigma), incubating in collagenase for 1 h (Sigma), and filtering through sequentially smaller filters (BD Biosciences). The single-cell suspension was labeled with primary antibody for 30 min at 4°C. Antibodies specific for CD11b (M1/70-FITC, Biolegend) and VEGFR2 (89B3A5-PE, Biolegend) were used. Flow cytometry was done on FACSCaliber (BD Biosciences). Propidium iodide (Sigma) positive cells were excluded, and gates were adjusted on the negative control. These gates were then applied to tumor lysates. Data analysis was done using FloJo software (Tree Star, Inc.).
ELISA Tumor lysates were made from orthotopic tumors by mincing the tumor in lysis buffer. Protein content was assayed using BCA assay (Pierce), and 100 μg of total protein were used in each assay. Human placental growth factor (PlGF) and VEGFR1 and mouse VEGF, PlGF, VEGFR1, and VEGFR2 Quantikine Immunoassays were done according to manufacturer's instructions (R&D Systems).
Proliferation Assay MDA-MB-231 cells were seeded at 2,500 cells per well in a 96-well tissue culture plate. The cells were serum-starved for 24 h and subsequently stimulated with a medium containing 2% serum or VEGF at 50 ng/mL in the presence or absence of 2C3, bevacizumab, r84, or a control IgG, each at 95 μg/mL (500-fold molar excess VEGF). After incubating for 72 h, cell number was estimated by CellTiterGlo assay (Promega) according to the manufacturer's instructions.
Statistics Data were analyzed using GraphPad software (GraphPad Prism version 4.00 for Windows, GraphPad Software 5 ). Results are expressed as mean ± SEM. Data were analyzed by t test or ANOVA, and results are considered significant at P < 0.05.
Results r84 Inhibits Orthotopic Breast Tumor Growth
Inhibition of VEGF binding to VEGFR2 with 2C3 has been shown to reduce tumor size in pancreatic tumors (16, 17, 36) and breast tumors (14) . We tested whether r84, a fully human antibody that inhibits VEGF binding to VEGFR2, would inhibit tumor growth in an orthotopic breast cancer model, similar to 2C3. Figure 1A shows the binding curves of r84, 2C3, and bevacizumab to human VEGF that display half-maximal binding of 0.014, 0.45, and 0.003 nmol/L, respectively. In an orthotopic human breast cancer xenograft model, chronic treatment with r84, 2C3, or bevacizumab significantly reduced (P < 0.001; days 44 and 48 versus control) the growth of established MDA-MB-231 tumors, such that there was a 55%, 62%, and 58% decrease, respectively, in tumor volume compared with control-treated animals (Fig. 1B) . 2C3 and bevacizumab bind to human VEGF only; thus, these results show that inhibition of tumor cell-derived VEGF is sufficient for control of MDA-MB-231 tumors.
To determine if the effect of r84, 2C3, and bevacizumab on MDA-MB-231 tumor growth in vivo could be due to blocking VEGF activation of tumor cells directly, we evaluated tumor cell proliferation and migration in vitro. MDA-MB-231 in vitro proliferation was unaffected by VEGF, 2C3, bevacizumab, or r84 treatment (data not shown). However, we found that MDA-MB-231 cells migrated strongly toward VEGF, and this migration was blocked by the addition of 2C3, r84, or bevacizumab ( Fig. 2A) . These results suggest that VEGF binding to VEGFR2 and perhaps VEGFR1, expressed by MDA-MB-231 cells, induces cell migration.
The expression of VEGFR2 on MDA-MB-231 breast cancer cells has been controversial. Some groups have shown that minimal VEGFR2 is expressed on the cell surface (4), whereas others have shown that it is expressed at high levels following serum starvation (37) . To examine VEGF receptor expression in MDA-MB-231 cells and tumors, we did qRT-PCR for VEGF receptors on whole cell lysates from MDA-MB-231 cells and tumors. Human dermal microvascular endothelial cells and murine (bEnd.3) endothelial cells were used as positive and negative controls, respectively, for testing the species specificity of the primers. We found that MDA-MB-231 cells expressed a detectable level of VEGFR1, VEGFR2, NRP-1, and NRP-2 in vitro (Fig. 2B) . The expression of each receptor in vivo was compared with the level of expression in vitro. We found a 2.7-, 3.7-, and 8-fold increase in expression of VEGFR1 in control, bevacizumab, and r84-treated tumors, respectively, compared with MDA-MD-231 cells in vitro. In contrast, the level of VEGFR2 message did not change in vivo in any of the treatment groups. The level of NRP-1 was elevated slightly (1.8-to 2.5-fold) in vivo, whereas NRP-2 levels increased 6.9-, 7.9-, and 9.3-fold in tumors from mice treated with control, r84, and bevacizumab, respectively (Fig. 2C) . These results show that in vitro, MDA-MB-231 cells express all VEGF receptors; however, levels of VEGFR1, NRP-1, and NRP-2 are elevated when MDA-MB-231 cells are grown in vivo.
Next, we investigated the expression of VEGF-related proteins in serum and tumor lysates following treatment with control, 2C3, r84, and bevacizumab ( Table 1 ). The only serum analytes that were altered significantly included mouse VEGF, human PlGF, and soluble mouse VEGFR1. Immunodepletion with protein G beads removed all detectable mouse VEGF from the serum of mice treated with r84. This is similar to Loupakis et al. (38) , who found that serum levels of VEGF in cancer patients treated with bevacizumab were reduced significantly after immunodepletion. In addition, the serum level of soluble mouse VEGFR1 was elevated significantly (P < 0.01) by treatment with bevacizumab but not r84 or 2C3. In tumor lysates, we found significant treatment-induced changes in human PlGF and soluble mouse VEGFR1 (sVEGFR1). There was a significant decrease (P < 0.001) in the level of human PlGF in tumors from bevacizumab-treated animals compared with control, r84 Reduces VEGF-Induced Angiogenesis Anti-VEGF therapy with 2C3, r84, or bevacizumab reduced tumor microvessel density by 50%, 45%, and 58%, respectively, as measured by immunohistochemistry with MECA-32 ( Fig. 3A) and anti-CD31 (data not shown). In addition, we used the monoclonal antibody GV39M (32) to evaluate the number of VEGF-activated blood vessels in tumors from control and anti-VEGF-treated animals. r84-or bevacizumab-treated tumors showed a marked decrease in GV39M staining (68% and 55%, respectively) compared with control-treated tumors, although this was only statistically significant in the r84-treated group (Fig. 3B) . Tumors from 2C3-treated animals were not evaluated because of secondary antibody cross-reactivity with 2C3, which localizes to tumor stroma (32) . Treatment with 2C3, r84, or bevacizumab also resulted in an increase in the percentage of endothelial cells associated with pericytes, as determined by colocalization of MECA-32 with α-smooth muscle actin (α-SMA; Fig. 3C ) and CD31 with NG2 (Fig. 3C) . These results are consistent with a "pruning" effect of anti-VEGF therapy on vessels not associated with support cells.
r84 Decreases Macrophage Infiltration into Breast Tumor Xenografts
Next, we evaluated macrophage infiltration into breast tumors from all treatment groups using three different macrophage markers. Immunofluorescence staining of tumor sections revealed that anti-VEGF therapy with 2C3, r84, and bevacizumab reduced the infiltration of F4/80 + (Fig. 4A ), CD16 + (Fig. 4B) , and Mac-3 + (Fig. 4C ) cells into breast tumors. The reduction of macrophage infiltration in the face of treatment with 2C3 and r84 is presumably due to expression of VEGFR2 on tumor-associated macrophages (16) .
To evaluate VEGFR2 expression on systemic macrophages, we harvested peritoneal macrophages from tumor-bearing and non-tumor-bearing animals and evaluated VEGFR2 expression by immunocytochemistry (Fig. 4D) . Using two different anti-VEGFR2 antibodies, we show that peritoneal macrophages from tumor-bearing animals express significantly higher levels of VEGFR2 compared with peritoneal macrophages from non-tumor-bearing animals. VEGFR1 expression showed a similar expression pattern, whereby VEGFR1 mRNA was undetectable in non-tumor-bearing animals but was detectable in peritoneal macrophages from tumor-bearing animals by RT-PCR (data not shown). To assess the functional significance of VEGFR2 expression on peritoneal macrophages, we analyzed VEGF-induced migration of peritoneal macrophages ex vivo. Peritoneal macrophages from non-tumorbearing animals (VEGFR2 − ) show only minimal migration toward VEGF, which is unaffected by the presence of 2C3 or control antibody, whereas peritoneal macrophages harvested from tumor-bearing animals (VEGFR2 + ) migrate strongly toward VEGF, and this is abrogated by the addition of 2C3 (Fig. 4E) .
Compensatory Increase in Neutrophil and Dendritic Cell Infiltration and Decrease in Myeloid-Derived Suppressor Cell Infiltration in Tumors from r84-Treated Animals
Previous studies have shown a role for VEGF in the splenic infiltration of myeloid-derived suppressor cells and dendritic cells (31 from each treatment group. In Fig. 5A , we show an increase in 7/4 + cells in tumors from mice treated with anti-VEGF antibodies, although this only reached statistical significance in the 2C3-and r84-treated groups. We also found an increase in CD83 + /CD11c + dendritic cells (Fig. 5B ) in tumors from mice treated with r84 compared with bevacizumab. However, when we evaluated the infiltration of cells expressing CD11b and Gr1 (Fig. 5C ), we saw a 70% decrease (P < 0.01 versus control) in double-positive cells in tumors from mice treated with r84. Interestingly, 2C3 or bevacizumab treatment did not reduce the number of double-positive cells in the tumor. These results suggest a potential difference between inhibition of tumor-and host-derived VEGF-induced activation of VEGFR2 on recruitment of immune cells. We also evaluated the level of VEGFR2 + immune cells by flow cytometry. To show the presence of VEGFR2 + cells in tumors, we did three-color flow cytometry for CD11b and VEGFR2 on single-cell suspensions from two control and two r84-treated tumors. The two control tumors had 0.42% and 0.77% cells that were double positive, whereas the r84-treated tumors displayed 0.15% and 0.18% cells that expressed CD11b and VEGFR2 (Fig. 5D ).
Discussion
The major findings of this study are that 2C3, r84, and bevacizumab effectively decrease tumor size, microvessel density, and macrophage infiltration in an orthotopic model of breast cancer. These data are consistent with previous findings (14) (15) (16) 25) and support the concept that reducing macrophage infiltration is an important aspect of anti-VEGF therapy. In addition, our study shows changes in other immune cell infiltrates (myeloid-derived suppressor cells, dendritic cells, and neutrophils), following anti-VEGF therapy.
Infiltrating inflammatory cells constitute a large component of the overall tumor mass (18, 19) . VEGF is an abundant cytokine in the tumor microenvironment and is known to stimulate immune cell chemotaxis; however, few studies have looked directly at the effect of inhibitors of VEGF on immune cell infiltration into tumors. We have shown previously that 2C3 inhibits macrophage infiltration in an orthotopic pancreatic cancer model (16) . In a mouse model of thyroid cancer, Salnikov et al. (25) showed that treatment with bevacizumab reduced macrophage infiltration. To our knowledge, this is the first report to show the effect of anti-VEGF therapy on neutrophil infiltration. Shojaei et al. (29) found that the number of CD11b + Gr1 + cells increases following anti-VEGF therapy with bevacizumab in therapy refractive tumors but remains unchanged in therapy sensitive tumors, which is consistent with our results.
The innate immune system contributes to tumor progression through many different mechanisms, including (a) induction of DNA damage through the production of free radicals; (b) production of proangiogenic growth factors, cytokines, chemokines, and matrix metalloproteases; and (c) suppression of the adaptive immune response (18) . The production of proinflammatory cytokines and growth factors is often argued as the primary mechanism through which the innate immune system contributes to tumor progression. Some of the important mediators include tumor necrosis factor α, transforming growth factor β, VEGF, interleukin 1β, and interleukin 6.
Because the production of cytokines and growth factors is one important mechanism by which immune cells contribute to tumor progression, we investigated the expression of many VEGF-related proteins by ELISA. We found that inhibition of VEGF signaling through VEGFR1 and VEGFR2 reduces significantly the amount of PlGF in tumor lysates, whereas selective inhibition of VEGF activation of VEGFR2 with 2C3 or r84 did not have this effect. Endothelial cell production of PlGF is regulated in part by VEGF, whereby PlGF expression is stimulated by VEGF in a dose-dependent manner (39) . Given that the levels of PlGF were unchanged after treatment with r84 or 2C3, the decrease in PlGF levels in tumors treated with bevacizumab is likely due to decreased stimulation of VEGFR1 via VEGF. We also found that anti-VEGF therapy reduced the amount of soluble VEGFR1 (sVEGFR1) in the tumor. VEGFR1 transcription is regulated in part by VEGF activation of VEGFR1 and VEGFR2 (40) and oxygen levels, such that hypoxia stimulates sVEGFR1 expression (41) . Furthermore, IFN-γ can also induce expression of sVEGFR1 (42) . The decrease in sVEGFR1 levels after anti-VEGF therapy is likely due to reduced activation of VEGFR2 and/or changes in the cytokine profile of the tumors that results secondary to the change in immune cell infiltration. 2C3 and r84 selectively inhibit VEGF from interacting with VEGFR2 (13). 4 Therefore, for the decrease in macrophages to occur, we hypothesized that tumor-associated macrophages in this model express VEGFR2, as we have shown previously in an orthotopic model of pancreatic cancer (16) . Furthermore, we show that peritoneal macrophages from tumor-bearing mice express VEGFR2, whereas peritoneal macrophages from non-tumor-bearing mice do not. In vitro migration studies further show that VEGFR2 is the dominant receptor responsible for the VEGF-dependent migration of these cells.
Although we saw a decrease in macrophage infiltration, we found an increase in neutrophil infiltration (7/4 + cells) into tumors following treatment with each antibody. Neutrophils are often described as "first responders" and have been shown to be capable of mediating the angiogenic switch in engineered animal models of cancer (24, 26) . The mechanism underlying the increase in 7/4 + cells after anti-VEGF therapy is unclear. VEGF has been shown to stimulate neutrophil migration in vitro. Interestingly, treatment with a neutralizing anti-VEGF antibody but not 2C3 abrogated VEGF-induced migration of neutrophils (43) . Furthermore, these cells were shown to express VEGFR1 and VEGFR2 by RT-PCR, suggesting that although VEGFR2 is present, VEGFR1 is the primary receptor mediating VEGF-induced migration of these cells. An alternative explanation for the elevated neutrophil levels were analyzed by immunofluorescence using MECA-32, an endothelial cell marker. Tumors from all anti-VEGF treatment groups showed a significant reduction in the number of vessels compared with control-treated tumors (control, 18.27 ± 2.2; 2C3, 9.13 ± 1.76; r84, 10.0 ± 1.57; bevacizumab, 7.73 ± 1.89 vessels per high-power field). *, P < 0.05; **, P < 0.01; * * * , P < 0 . 0 0 1 v er su s co n tr ol .
B, tumor sections were analyzed by immunofluorescence using GV39M, which binds VEGF bound to VEGF receptor. There was a significant decrease in the amount of GV39M reactivity in tumors from r84-treated animals compared with control. *, P < 0.05. Data displayed as percentage of control fluorescent area ± SEM and represents five images per tumor and three tumors per group.
C, tumor sections were colocalized with CD31 (green), an endothelial cell marker and NG2 (red), a pericyte marker, or Meca-32 and α-SMA, a pericyte marker. There was an increase in the number of pericyte-associated blood vessels in tumors from animals treated with all anti-VEGF therapies compared with control. Percentage of pericyte-associated blood vessels is displayed as mean ± SE and represents five images per tumor and three tumors per group. *, P < 0.05; **, P < 0.01 versus control. Representative images of CD31/NG2 staining in tumors from control-and r84-treated animals (total magnification for each image displayed, ×200). Images were overlaid using Elements software.
is that the decrease of tumor-associated macrophages after anti-VEGF therapy results in reduced macrophagemediated clearance of neutrophils that have degranulated (44, 45) .
Defects in antigen presentation by dendritic cells is a mechanism by which tumors escape the host immune system. However, the causes of dendritic cell impairment are incompletely understood. VEGF is not only important Figure 4 . r84 decreases macrophage infiltration into breast tumor xenografts. Frozen sections of tumors from mice treated with control, 2C3, r84, and bevacizumab were analyzed by immunohistochemistry for expression of macrophage markers. A, tumor sections from control, 2C3-, r84-, or bevacizumab-treated animals were evaluated by immunofluorescence with F4/80, a macrophage marker. Representative images of F4/80 staining in tumors from control and r84-treated animals (total magnification, ×200). There was a significant decrease in macrophage infiltration in tumors from all anti-VEGF groups compared with control-treated tumors. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Data displayed are mean fluorescent area ± SE and represent three tumors per group, five high-power fields per slide. CD16+ (B) and Mac3+ (C) cells were also found to be reduced in tumors from anti-VEGF-treated animals compared with control. ***, P < 0.001. D, macrophages from tumor-bearing and non-tumor-bearing animals were isolated by peritoneal lavage, plated on chamber slides, and evaluated for VEGFR2 expression by immunocytochemistry using two different anti-VEGFR2 antibodies (RAFL and T014). Peritoneal macrophages from tumor-bearing animals have a significant increase in VEGFR2 expression compared with non-tumor-bearing animals. *, P < 0.05; **, P < 0.01. E, migration assays were done with primary peritoneal macrophages from non-tumor-bearing or tumor-bearing mice using 24-well plates with 3-μm transwell inserts. Peritoneal macrophages were allowed to migrate overnight toward serum-free medium, VEGF (40 ng/mL), or VEGF plus the indicated IgG (40 μg/mL). Columns, mean number of cells per high-power field in each condition; bars, SE. Four to five high-power fields were counted per insert. Assays were done in duplicate or triplicate. Data are displayed as fold change in migration compared with serum-free medium, are representative of at least three independent experiments, and were analyzed with Kruskal-Wallis test. VEGF and VEGF plus control IgG stimulated migration of macrophages from tumor-bearing animals compared with control. **, P < 0.01. This was abrogated by treatment with 2C3. **, P < 0.01. D, flow cytometry using antiCD11b-FITC (X axis) and anti-VEGFR2-PE (Y axis) was done on single-cell suspensions made from control and r84-treated tumors and showed a population of VEGFR2+ macrophages in tumors from both groups (top right quadrant). There was a trend toward decreased VEGFR2+ macrophages in tumors from r84-treated animals compared with controls (0.77% and 0.42% for control versus 0.15% and 0.18% for r84). Data are two separate tumors from each group.
for monocyte chemotaxis but is a key regulator in the differentiation and migration of dendritic cells (31, 46) . In the present study, we found an increase in the number of CD83 + CD11c + cells in tumors from r84-treated mice compared with bevacizumab-treated tumors. This finding could represent changes in either migration or differentiation of dendritic cells, given the differing roles of VEGFR1 and VEGFR2 in dendritic cell development. In non-tumorbearing animals, VEGFR1 activation inhibits stem cell differentiation to the dendritic cell lineage, whereas VEGFR2 activation decreases the number and function of mature dendritic cells in the spleen (31) . Our findings indicate that, in tumor-bearing animals, VEGFR2 activation is important for the infiltration of CD83 + dendritic cells and that inhibition of VEGF binding to VEGFR2 via r84 leads to an increase in the infiltration of CD83 + CD11c + cells in breast tumor xenografts. Clinically, increased levels of CD83 + cells correlates with decreased lymph node metastases in breast cancer patients, highlighting the importance of these cells in cancer immunity (30) .
Interestingly, the number of CD11b + Gr1 + cells was reduced in tumors from mice treated with r84 but remained unchanged in tumors from 2C3-and bevacizumab-treated animals. Cells that express CD11b and Gr1 include myeloid-derived suppressor cells, which have been reported to affect response to anti-VEGF therapy (29) . In the tumor microenvironment, these cells secrete immunosuppressive mediators and induce T-lymphocyte dysfunction (27, 28, 47) . Other cell types besides myeloid-derived suppressor cells that are known to express CD11b and Gr1 include neutrophils and Tie-2-positive macrophages (48) . Myeloidderived suppressor cells have been reported to express VEGFR1 and VEGFR2 (48) . Systemic treatment with VEGF induces myeloid-derived suppressor cell infiltration into the spleen compared with PBS control. Furthermore, blockade with anti-VEGFR2 abrogates this infiltration, suggesting a role of VEGFR2 in myeloid-derived suppressor cell infiltration into the spleen (31); however, the effect of VEGF on recruitment or activity of these cells into tumors is unclear. Our results suggest a differential effect of blocking VEGF activation of VEGFR1 and VEGFR2 versus blocking activation of VEGFR2 alone. VEGF activation of VEGFR1 in these cells might induce differentiation or block recruitment. Alternatively, selective activation of VEGFR1 might have a negative effect on VEGFR2 activity in these cells, as has been shown in endothelial cells in the eye after laserinduced injury (5) . An area of interest is the cytokine milieu in tumors from mice treated with r84 or bevacizumab. If differences in the cytokine profile are found after treatment with these two agents, it could provide an explanation for the differential recruitment of CD11b + Gr1 + cells. Although our study uses immunocompromised animals, the xenograft system used highlights the importance of tumor cell-derived factors with the use of human specific therapies (eg., 2C3, bevacizumab). However, the results should be interpreted with care (49) and future experiments have been designed to use immunocompetent animals. We anticipate that use of a mouse chimeric version of r84 will facilitate these studies and help solidify the function of VEGF in the recruitment of immune cells into solid tumors.
In summary, we have found that inhibition of VEGF-A with a fully human anti-VEGF antibody reduces VEGFinduced angiogenesis and breast tumor growth in mice. Furthermore, we have shown that blockade of VEGF signaling differentially affects the immune cell profile of breast tumor xenografts, which could have significant implications for the clinical use of current and future anti-VEGF therapies.
Disclosure of Potential Conflicts of Interest
R. Brekken: grant support and consultant, Peregrine Pharmaceuticals, which has licensed the technology described from the University of Texas. No other potential conflicts of interest were disclosed.
